In the conventional electromagnetic tube expansion, tube wall thickness tends to decrease significantly while the workpiece is expanded. This paper is aimed at introducing a new technique using three-coil electromagnetic tube bulging with axial compression as an innovative solution for this issue. To validate the feasibility of the proposed technique and investigate the electromagnetic force distribution along the workpiece, COMSOL software is used to construct a detailed finite element analysis model for the proposed electromagnetic coupling model. Results show that the ratio of the axial and the radial electromagnetic forces increases linearly with the increase of the height and the outer diameter of the top and bottom coils. Furthermore, the tube deformation profile and the wall thickness are compared with two different coil structures. Comparison analysis reveals that for the same axial to radial electromagnetic forces ratio, the effect of prohibiting the wall thickness reduction using different coil structures is quite similar. The new method is expected to have a good potential in enhancing the tube-forming performance.
I. INTRODUCTION
Electromagnetic forming (EMF) is an industry technology that utilizes pulsed electromagnetic force to accelerate and deform metal workpieces [1] - [3] . The forming process is conducted in a time range of millisecond with a workpiece forming speed exceeding 300 m/s [4] , [5] . Compared with conventional machining, EMF can improve the forming limit of materials [3] , [6] and has become one of the recent hot research topics with a main goal of improving its performance [7] .
The electromagnetic force during the EMF process is generated using a driving coil and the performance of the process can be assessed based on the distribution of this The associate editor coordinating the review of this manuscript and approving it for publication was Chan Hwang See .
force over the workpiece. In 1958, the law of electromagnetic induction was applied to metal forming for the first time which paved the way to the EMF technology [8] . Since then, continuous improvements have been introduced to the EMF process. For instance, a uniform pressure coil technique which can generate homogeneous electromagnetic force on the workpiece was introduced in [9] to improve the poor deformation of sheet forming. In [10] a further improvement of sheet forming using electromagnetic force with local loading was presented. Based on the curved surface characteristic of the workpiece, a driving coil matching the structure of the workpiece was developed in [11] .This coil can generate electromagnetic force that varies with the surface curvature of the workpiece and hence improving the efficiency of the electromagnetic forming. To realize the machining of large sheets, Cui et al. [12] proposed an electromagnetic VOLUME 8, 2020 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ incremental forming method. Various sets of power supplies were utilized to charge multiple driving coils to provide wide ranges of electromagnetic forces on the workpiece for long period [13] . This technique is known as space-timecontrolled multi-stage pulsed magnetic field forming and manufacturing technology. To improve the radial flow in the electromagnetic sheet forming, Lai et al. [14] proposed an axial-radial bidirectional loading method. To overcome the issue of axial inhomogeneous deformation of tube bulging due to tube end effect, Qiu et al. [15] developed a concave driving coil to weaken the radial electromagnetic force in the middle of the tube and hence improving the tube forming quality. The electromagnetic bulging process of traditional solenoid coil is studied in [16] , and the effect of tube length on the radial and axial magnetic pressures and highspeed deformation are discussed. Reference [17] explores the effect of coil length and relative position on the deformation profile of tube electromagnetic bulging, which does not involve the thinning of wall thickness. In [18] , the electromagnetic bulging is carried out using multi-directional magnetic pressure, which significantly increases the axial feed of the pipe and reduces the thickness of the easy-to-break part. From the above discussion, changing the loading mode of the electromagnetic force can improve the forming performance and efficiency to a certain extent. However, for electromagnetic tube expansion, the tube wall thickness reduction is still a point of concern that needs further improvement to enhance the tube forming quality.
Aiming at this point, an electromagnetic tube expansion with axial compression was proposed in [19] , [20] . The main contribution of this paper is the presentation of detailed investigation for the influence of different system parameters on the electromagnetic force distribution and wall thickness reduction of the electromagnetic tube forming process. In this context, an electromagnetic-structural coupling model emulating the practical process is developed and analyzed. The effect of the axial and radial electromagnetic forces distribution on the tube is investigated through the relative thickness reduction coefficient as will be explained below.
II. PRINCIPLE OF ELECTROMAGNETIC TUBE BULGING WITH AXIAL COMPRESSION
The basic principle of the electromagnetic tube expansion is shown in the schematic of Fig. 1 . In the tube forming process, the electrical energy stored in the capacitor shown in Fig. 1 is released instantly to the driving coil to produce a pulse current. This results in an induced eddy current in the metal tube based on the principle of electromagnetic induction. The pulsed electromagnetic force due to the interaction of the magnetic flux and the induced eddy current drives the tube to accelerate and deform.
Due to the axial symmetry of the coil and the tube, the electromagnetic tube expansion process can be simplified to a two-dimensional axial symmetrical model. The eddy current density in the workpiece mainly flows in the circumferential direction based on the below equations.
where E is the electric field intensity, B is the magnetic flux density, v is the speed of the workpiece, J is the induced eddy current intensity, γ is the electrical conductivity of the workpiece. Subscripts r, ϕ and z are respectively the radial, hoop, and axial components of the variable. The radial and axial electromagnetic forces acting on the tube during the forming process can be calculated from:
From (3) and (4), the radial electromagnetic force F r is calculated based on the hoop eddy current and the axial magnetic flux density whereas the axial electromagnetic force F z is determined using the hoop eddy current and the radial magnetic flux density.
Based on Newton's law, the force and displacement of the tube satisfy the following equation:
where σ is the stress tensor of the tube, F is the bulk density vector of the electromagnetic force, ρ is the tube density and u is the displacement vector. Cowper-Symonds model is used to simulate the tube based on the following equations:
where E is the young's modulus, σ is the flow stress when the tube material deforms at high speed, m is the strain rate hardening parameter, C m is the viscosity parameter. A and B are constants; 90.5 and 0.35, respectively and σ yso is the initial yield stress of the workpiece, ε pe is the plastic strain. C m = 6500, m = 0.25 are usually used for aluminum. In the current conventional electromagnetic tube expansion ( Fig. 2(a) ), only a small amount of radial magnetic flux intensity is produced at the end of the tube due to the end effect [20] . Consequently, the axial force acting on the tube is very small and the radial electromagnetic force dominates the forming process of the workpiece. This results in a serious thickness reduction in the tube wall that reduces the mechanical strength of the tube significantly.
To solve this issue, two additional coils are introduced at the top and bottom of the tube as shown in Fig. 2 (b) to form a new topology known as three-coil electromagnetic tube bulging with axial compression. This topology can significantly strengthen the radial magnetic flux intensity over the entire tube and hence improving the axial electromagnetic force. The axial force causes the tube to flow in axial direction and helps reducing the phenomenon of tube wall thickness reduction in the conventional single coil topology. Experimental results published in [20] are shown in Fig. 13 . As shown in Figure 3 (a), with a bulging amount of 107.5-107.6 mm, the tube wall thickness is reduced from 2 mm to 1.5555 mm under conventional electromagnetic tube expansion (EMTE) while it decreases to 1.6435 mm when the proposed axial compression (EMTEAC) is used. For another tube shown in Figure 3 (b) and for a bulging amount of 115.5-115.8 mm, the wall thickness reduces from 2 mm to 1.4508 mm under EMTE while decreases to 1.6156 mm under EMTEAC. These results indicate the proposed method reduces the decrease in wall thickness from 27 to 19%.
III. ELECTROMAGNETIC-STRUCTURAL COUPLING MODEL FOR THE ELECTROMAGNETIC TUBE BULGING PROCESS
In order to analyze the electromagnetic force distribution and the phenomenon of tube wall thickness reduction during the electromagnetic bulging process, a finite element model of the tube expansion process is developed using COMSOL software. Fig. 4 shows the flow chart of the simulation process. In the simulation model, the external current density of the driving coil is set and the axial and radial electromagnetic forces acting on the tube are calculated using the magnetic field model. The elastic-plastic deformation process of the tube is simulated using a solid mechanics model. Moving mesh module is employed to update the finite element mesh deformed due to the bulging process. The outer boundary of the near field air domain and the coil domain boundary are assumed to be fixed and the near field air and the tube domains are considered of free deformations. Because the maximum radial bulging amount in this paper is about 9 mm, the finite element mesh changes with the tube outward expansion. In order maintain the mesh quality and distortion after deformation, a moving mesh module is added to the simulation model to constantly update the bulging mesh.
The last step in the modelling is to compare the execution time with the pre-set time in order to repeat the calculation or end the process and analyze the results. While this model has been experimentally validated in the authors' previous paper [20] , detailed effects of various parameters on the model's performance are investigated in this paper.
Geometrical dimensions of the developed single -coil and three-coil electromagnetic forming systems are shown in As this paper is aimed at investigating the effect of various coil heights and diameters on the electromagnetic force and VOLUME 8, 2020 tube wall thickness, finite element analysis of the process which emulates physical systems is developed.
IV. DISTRIBUTION CHARACTERISTIC OF THE ELECTROMAGNETIC FORCE
As discussed above, the electromagnetic distribution of the single coil topology is modified by introducing top and bottom coils. Hence, this section is aimed at investigating the influence of coils physical geometry on the electromagnetic force distribution. The initial parameters of the three-coil system are listed in Table 1 . 
A. EFFECT OF COIL HEIGHT
In order to explore the influence of the height H of the topbottom coil on the electromagnetic force distribution, the coil height is varied while maintaining all other physical parameters. Fig. 6 (a) shows the distribution of the radial electromagnetic force F r as a function of time at different coil heights while Fig. 6(b) shows the peak value of the radial electromagnetic force F rp at different coil heights. These results reveal that the radial electromagnetic force increases gradually with the increase in the coil height and the peak force is linearly correlated with the coil height when it is less than 10 mm. The incremental rate of the peak radial electromagnetic force slows down and eventually tends to saturate for coil heights larger than 10 mm. Results in Fig. 6 (a) also show that for all coil heights, the peak radial force takes place at the middle of the processing time (100 µs).
The distribution characteristics of the axial electromagnetic force F z as a function of the execution time at different coil heights is shown in Fig. 7 (a) with a peak values F zp as a function of the coil height as shown in Fig. 7(b) . Results show that the amplitude of the axial electromagnetic force also increases gradually with the increase of the coil height till it reaches a crest value at almost the middle of the process execution time. It can be also observed that the peak axial force is almost of a linear correlation with the height of the top-bottom coil.
In order to further explore the influence of the height of the top-bottom coil on the electromagnetic distribution characteristics, the ratio between the peak values of the axial and radial forces at different coil heights is investigated as shown in Fig. 8 . It can be seen that the ratio F z /F r increases linearly with the coil height, in particular after 10 mm because saturation takes place in the radial electromagnetic force after 10 mm coil height.
B. EFFECT OF COIL OUTER DIAMETER
This effect is investigated by changing the coil outer diameter in a wide range while maintaining all other coil physical parameters. Fig. 9(a) shows the radial electromagnetic force F r as a function of time at different coil outer diameter D. Fig. 9(b) shows the peak radial force as a function of D. These results reveal that F r increases when the coil outer diameter increases until D reaches 35 mm, for this model, after which F r decreases with the increase of the outer diameter. This characteristic is attributed to the fact that there is a reverse compressive radial electromagnetic force acting on the inside of the tube when the coil outer diameter becomes greater than a critical value (35 mm in the investigated model). Fig. 10(a) shows the time profile of the axial electromagnetic force F z at different coil outer diameters and Fig. 10(b) shows the peak value of the axial electromagnetic force F zp at coil different outer diameters. The two plots reveal that the larger the outer diameter of the top-bottom coil is, the stronger the axial electromagnetic force becomes. Also, the peak value of the axial electromagnetic force increases slowly when the outer diameter of the coil is less than 25 mm after which it increases quadratically with the increase in the coil outer diameter. Fig. 11 shows the ratio F z /F r increases in a similar fashion to the peak value of the axial force which is attributed to the reduced radial electromagnetic force for coil outer diameters larger than 35 mm.
V. WALL THICKNESS REDUCTION
A relative tube wall thickness reduction coefficient K during the electromagnetic bulging process is calculated as:
where R EMTEAC and R EMTE are the wall thickness reduction at the central-node of the tube inner wall using the proposed three-coil topology and the conventional single-coil electromagnetic tube bulging topology; respectively. Small values of K reveal better performance of the proposed method than the conventional method. This coefficient is usually less than 1 due to the impact of axial compression. respectively. Results show that both D i and D o increase with the increase in coil height. The wall thickness reduction R at the central-node of the tube is obtained by subtracting D o from D i as shown in Fig. 12 .
Obviously, the effect of the coil height on wall thickness reduction cannot be directly acquired from Fig. 13 as the bulging amount of the tube inner wall is disparate. Therefore, the tube wall thickness reduction when a conventional single coil and the proposed three-coil topologies is obtained through adjusting the current of the driving coil. Various values of K are calculated at different coil heights as shown in Fig. 14 that correlates the ratio F z /F r with the tube wall thickness reduction coefficient K . It can be seen that the coefficient K decreases with the increase of the ratio F z /F r ,which demonstrates the effect of prohibiting wall thickness reduction by controlling this ratio through controlling the physical dimensions of the used coils.
B. INFLUENCE OF COIL OUTER DIAMETER ON WALL THICKNESS REDUCTION
The tube wall thickness during the electromagnetic forming process is investigated by changing the coil outer diameter with keeping other parameters unchanged. The profiles of the central-node deformation at the tube inner wall D i and outer wall D o are obtained for this case study as shown in Figs. 15(a) and 15(b); respectively. The tube wall thickness reduction time profile R at different coil outer diameters is shown in Fig. 16 . The variation trend of the coefficient K with the ratio F z /F r shown in Fig. 17 is to the trend shown in Fig. 14. Both plots are compared as shown in Fig. 18 which shows that the two trends are almost identical. This indicates that either coil height or diameter can be controlled to control the wall thickness of the workpiece as long as the ratio F z /F r is maintained.
VI. WALL THICKNESS REDUCTION UNDER SAME F Z /F r RATIO
The above analysis shows that the wall thickness of the tube can be reduced by the same amount through changing either the coil outer diameter or height while maintaining the F z /F r ratio. Two physical dimension sets of the proposed method as shown in Table 2 are selected to investigate the effect of different coil structures on tube formability under the same F z /F r ratio. To maintain consistency, the amplitude of the coil current density of structures 1 and 2 are set as 0.867 × 10 9 A/m 2 and 1.2 × 10 9 A/m 2 , respectively. 
A. ELECTROMAGNETIC FORCE DENSITY PROFILE
The radial electromagnetic force generated on the tube is correlated with the axial magnetic flux density whereas the axial electromagnetic force is determined by the radial magnetic flux density. The electromagnetic force density distribution of structures 1 and 2 at different times are respectively shown in Figs. 19 and 20 , respectively. These results show that the distribution of the electromagnetic force density with two different coil structures are consistent, which means the direction and amplitude of the electromagnetic force stay in reasonable agreement for both structures.
B. CHARACTERISTICS OF WORKPIECE FORMING VELOCITY
Because electromagnetic force drives the workpiece during the forming process, deformation velocity at different times is investigated to compare the formability performance of the two structures. Compared with the traditional single coil electromagnetic forming, the workpiece under the proposed electromagnetic tube bulging with axial compression not only exhibits a radial expansion, but also an axial flow, thereby reducing the wall thickness thinning. Fig. 21 shows the electromagnetic-structural coupling model employed in this paper. In order to analyze the flow characteristics of the workpiece under the loading model of structures 1 and 2, six points; A, B, C, D, E and F as shown in Fig. 21 are selected to investigate the deformation velocity of the tube. Figures 22 and 23 show the radial forming velocity V r at different positions for structures 1 and 2, respectively. It can be seen that V r increases continuously and reaches a maximum value at 125 µs then decreases to 0 at 190 µs for all investigated points in both structures. It is to be noted that deformation rate less than zero indicates workpiece is exhibiting a springback effect. Compared with the traditional quasi-static, electromagnetic forming technology can restrain the springback of materials more effectively [21] . This paper mainly explores the tube free electromagnetic bulging process, in which the radial bulging oscillates then settles at a steady state level which is used in the calculation. Electromagnetic forming technology can deform at high strain rate, produce better formability, reduce springback effect and improve the forming limit of the material [22] . The radial deformation rate curves for points A, E and for points B, .86 m/s and 10.36 m/s, respectively for structure 2. The difference between the peak values of V z for the two structures at different positions is also less than 2%.
Based on the obtained results, it can be concluded that the axial and radial flow of the workpiece are the same regardless the model structure when the ratio F z /F r is kept constant.
The two-dimensional deformation profile and the tube wall thickness reduction for the two investigated structures are obtained as shown in Figures 26 and 27 , respectively. Obviously, the deformed profiles using the two structures are of great similarity while wall thickness reduction shows a little difference. In summary, the tube-forming performance entirely coincides when the tube exhibits electromagnetic force generated by different coil structures while maintaining the F z /F r ratio, and so as the wall thickness reduction.
VII. CONCLUSION
In order to solve the thinning problem of the wall thickness in the conventional tube bulging, this paper presents a detailed investigation of a new three-coil electromagnetic tube bulging with axial compression method. In this context, COMSOL software is used to establish a detailed electromagnetic-structural coupling model for the proposed method. The following conclusions can be drawn from the obtained results:
Different axial electromagnetic force loadings can be achieved by modifying the geometry of the two additional top and bottom coils.
The wall thickness reduction of the tube can be suppressed when the axial and the radial electromagnetic forces are loaded bidirectionally.
The difference in tube wall thickness obtained using different coil structures is relatively small when the ratio F z /F r is kept constant.
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